The pH dependence of the reaction of various renins was investigated using sheep angiotensinogen as a substrate. Human renin showed two separate peaks, but rat and mouse Ren1 renins showed one peak with a shoulder. A comparison of the predicted subsite residues of human renin with those of rat and mouse Ren1 renins revealed that Arg82, Ser84, Thr85, Ala229, and Thr312 are unique in the human sequence. We examined the possible importance of these residues in the unique pH profile of the human renin reaction by replacing these residues with the corresponding residues of rat renin. The replacement of Ser84 of human renin with Gly changed the pH dependence of the reaction to one peak, similarly to rat and mouse Ren1 renins. Other mutant human renins kept two separate peaks, similarly to wild-type human renin. These results indicate that Ser84 of human renin contributes to the biphasic pH dependence of the renin-angiotensinogen reaction.
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Key words: renin; angiotensinogen; pH dependence; subsite residue Renin (EC 3.4.23.15) catalyzes the release of angiotensin I (Ang I) from angiotensinogen. Renin is classified as an aspartic proteinase because it has two Asp residues in the active center and a tertiary structure similar to other aspartic proteinases such as pepsin and cathepsin D. A typical aspartic proteinase has an acidic optimum pH (pH 2.0-4.0), and the pH dependence of the reaction shows a typical bell shape due to two catalytic -carboxyl groups. 1, 2) The catalytic mechanism is considered to be a sequential one, in which the general-acid Asp-COOH protonates the carbonyl oxygen of the scissile peptide bond and the general-base
Asp-COO
À concurrently deprotonates the attacking water molecule. 3) On the other hand, renin ordinarily has a neutral optimum pH (pH 6.0-8.0), and does not show a typical bell shape in pH dependence against homologous and heterologous angiotensinogens. [4] [5] [6] [7] [8] [9] The reason for this unique pH dependence has not been elucidated, although Tyr83, 10) Ser84, 11) and Ala317 12) of human renin and His9 11) of a synthetic substrate have been reported to contribute to the pH dependence of the renin-angiotensinogen reaction. The catalytic mechanism of renin is generally thought to be analogous to that of a typical aspartic proteinase, but this cannot explain the neutral optimum pH and the unique pH profile of the renin reaction. In other words, the exact mechanism of the renin reaction has not been elucidated.
We have reported the pH dependence of the human renin reaction with various angiotensinogens.
9) The pH profile of the human renin reaction showed two separate peaks against sheep angiotensinogen, whereas it showed one peak with a shoulder against human, rat, and pig angiotensinogens. These findings indicate that some unique residues of sheep angiotensinogen contribute to the biphasic pH dependence. It has, however, been left unclear whether other renins than human renin also show two separate peaks against sheep angiotensinogen.
The tertiary structure of renin was elucidated by Xray crystallographic analysis of human and mouse submaxillary Ren2 renin complexed with a peptide inhibitor, although that of angiotensinogen has not been reported. The residues constituting the subsite pockets from S6 to S4 0 have been defined in mouse Ren2 renin, 13, 14) and those from S4 to S1 0 in human renin. 13) In this study, we investigated the pH dependence of y To whom correspondence should be addressed. Tel/Fax: +81-58-293-2910; E-mail: nakagawa@gifu-u.ac.jp Abbreviations: Ang I, angiotensin I; PCR, polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay the reaction of human, rat, and mouse kidney Ren1 renins using sheep angiotensinogen as a substrate to determine whether the biphasic pH dependence is a general property of the renin reaction, and found that the two separate peaks were unique to the human renin reaction. Through comparison of the predicted subsite residues of human renin with those of rat and mouse Ren1 renins and subsequent mutational analysis, we found that Ser84 of human renin contributes to the biphasic pH dependence of the renin-angiotensinogen reaction.
Materials and Methods
Plasmid constructions. A plasmid, pcDNA3-sAgSPhPRen, coding for human prorenin, was constructed from pcDNA3-sAgSP-hPRen-10His.
15) The latter plasmid was digested with EcoRV and XbaI to excise the fragment coding for the C-terminal part of human prorenin attached by a decahistidine tag. The EcoRVXbaI fragment was replaced by the corresponding fragment coding for native human prorenin. 9) Rat prorenin cDNA was amplified by polymerase chain reaction (PCR) using oligonucleotides rRen-FW and CMV-RV as primers (see Table 1 ) and a plasmid coding for rat prorenin 16) as a template. Mouse Ren1 prorenin cDNA was obtained by PCR using mRen-FW and mRen-RV as primers and mouse brain cDNA as a template. The PCR products were digested with XbaI and inserted into the EcoRV-XbaI cloning site of pcDNA3-sAgSP-10His.
15) The resulting plasmids were designated pcDNA3-sAgSP-rPRen and pcDNA3-sAgSP-mPRen1 respectively.
Five mutant human renins, R82H, S84G, T85S, A229T, and T312V, in which Arg82, Ser84, Thr85, Ala229, and Thr312 of human renin were replaced with the corresponding residues of rat renin, were produced in this study. The oligonucleotide primers used in PCRbased mutagenesis are listed in Table 1 . We made several nucleotide substitutions to introduce a unique restriction site to facilitate efficient construction of the plasmid. These nucleotide substitutions do not lead to any amino acid substitution except for the five residues described above. DNA fragments coding for the Nterminal half of the R82H, S84G, T85S, and A229T mutant prorenins were amplified using pcDNA3-sAgSPhPRen as a template and oligonucleotide CMV-FW in combination with R82H-RV, S84G-RV, T85S-RV, and A229T-RV respectively as primers. DNA fragments coding for the C-terminal half of the R82H, S84G, and T85S and A229T mutant prorenins were amplified using CMV-RV in combination with R82H/S84G/T85S-FW and A229T-FW respectively as primers. The N-and C-terminal fragments were digested with HindIII and XbaI respectively, along with either KpnI or SpeI, and inserted into the HindIII-XbaI cloning site of pcDNA3 (Invitrogen, Carlsbad, CA) in appropriate combinations. The resulting plasmids were designated pcDNA3-sAgSP-hPRen-R82H, -S84G, -T85S, and -A229T respectively. To construct pcDNA3-sAgSP-hPRen-T312V, coding for T312V mutant human prorenin, PCR was performed using primers T312V-FW, in which the 5 0 -end sequence corresponds to the half site of the EcoRV site, and CMV-RV. The PCR product was digested with XbaI and substituted for the EcoRV-XbaI fragment of pcDNA3-sAgSP-hPRen, coding for wildtype human prorenin. The nucleotide sequence of each plasmid was confirmed by DNA sequencing.
Expression and preparation of recombinant renins.
The expression plasmids coding for human, rat, and mouse Ren1 prorenins and mutant human prorenins were transfected into COS-7 cells by a calcium phosphate-mediated method. The cells were cultured in serum-free Dulbecco's modified Eagle's medium at 37 C and 5% CO 2 for 3 d. The culture supernatant was treated with 5 mg/ml trypsin (Sigma-Aldrich, St. Louis, MO) at 25 C for 20 min for wild-type and mutant human prorenins, or with 10 mg/ml trypsin at 37 C for 90 min for rat and mouse Ren1 prorenins to give active renins. The trypsin reaction was terminated by the addition of a 5-fold excess concentration of soybean trypsin inhibitor (Type 1-S, Sigma-Aldrich) to trypsin. These preparations were stored at À80 C until use.
Preparation of recombinant sheep angiotensinogen. A cell line stably producing recombinant sheep angiotensinogen was described previously.
17) The culture supernatant was dialyzed against 1 mM phosphate buffer (pH 7.2) and concentrated by freeze-drying and rehydration, and was stored at À80 C until use. The concentration of angiotensinogen was determined by complete digestion with excess renin; the molar concentration of Ang I generated was quantified by enzymelinked immunosorbent assay (ELISA), as described pre- 18) and was regarded as that of sheep angiotensinogen.
Molecular modeling of mutant human renins. Tertiary structure models of mutant human and mouse Ren2 renins were built via Swiss-Model server (http:// swissmodel.expasy.org/) 19) using the crystal structures of wild-type human renin (PDB code, 1HRN; Tong et al. 20) ) and mouse Ren2 renins (1SMR; Dealwis et al. 14) ) as templates, respectively. The stereochemistry and energetic parameters of the models were evaluated by means of the Verify3D program. 21) Assay of renin activities. Each renin was incubated with sheep angiotensinogen at 37 C for 20 min in 100 ml of standard reaction mixture containing 10 mM sodium phosphate buffer (pH 7.2), 100 mM sodium chloride, 0.1% bovine serum albumin, 10 mM diisopropylfluorophosphate, and 10 mM EDTA. The Ang I generated was quantified by ELISA, and renin activity was expressed as mM of Ang I produced in 1 min.
The pH dependent activity of each renin was measured using sheep angiotensinogen as a substrate in Britton-Robinson buffer, 22) as described previously.
9)
Michaelis constants were estimated using UltraFit curve-fitting software (Biosoft, Cambridge, UK).
To examine the thermostability of wild-type and mutant human renins, each renin was incubated at 35-70 C for 10 min in 10 mM sodium phosphate buffer (pH 7.2) containing 100 mM sodium chloride and 0.1% bovine serum albumin. Subsequently, the residual activity of each renin was determined using 0.3 mM sheep angiotensinogen under standard assay conditions.
Results and Discussion
Characterization of the reactions of human, rat, and mouse Ren1 renins to sheep angiotensinogen In order to compare the pH dependence of the reactions of human, rat, and mouse Ren1 renins to sheep angiotensinogen, each renin and sheep angiotensinogen was produced by COS-7 and CHO cells respectively. The culture supernatant of COS-7 cells transfected with the empty vector did not show renin-like activity when it was incubated with sheep angiotensinogen either under the standard assay condition or in Britton-Robinson buffer at various pHs. The preparation of sheep angiotensinogen did not generate Ang I when it was incubated without renin either under the standard assay condition or in Britton-Robinson buffer at various pHs. We judged from these results that renin activity can be measured reliably using the renins and sheep angiotensinogen prepared in this study.
Preliminary experiments revealed the highest activity at pH 8.5 for human renin and at pH 7.0 for rat and mouse Ren1 renins. The Michaelis constants of human renin at pH 8.5, rat renin at pH 7.0, and mouse Ren1 renin at pH 7.0 were 0.11, 2.3, and 0.66 mM respectively, against sheep angiotensinogen in Britton-Robinson buffer.
The activities of human, rat, and mouse Ren1 renins were determined at various pHs using sheep angiotensinogen as a substrate, the concentration of which was three times as much as the K m for each renin. As observed previously, 9) the pH dependence of the reaction of human renin showed two separate peaks: a higher peak at pH 8.5 and a lower one at pH 5.5 (Fig. 1) . That of the reaction of rat and mouse Ren1 renins showed one peak, at pH 7.0, with a shoulder at pH 5.5. These results indicate that the two separate peaks are characteristic of human renin, rather than a general property of renin, when sheep angiotensinogen is used as a substrate. Our previous study revealed that only sheep angiotensinogen shows two separate peaks among human, rat, sheep, and pig angiotensinogens when human renin is used as an enzyme. 9) Taking this together, it is concluded that the two separate peaks in pH dependence are characteristic of the combination of human renin and sheep angiotensinogen. Some unique residues of human renin and sheep angiotensinogen, which are near the active center, must contribute to the biphasic pH dependence.
Comparison of the predicted subsite residues of human renin with those of rat and mouse Ren1 renins A comparison of the predicted subsite residues of human renin with those of rat and mouse Ren1 renins revealed that Thr85 (S3 and S2), Ala229 (S3 and S2), Ser84 (S2 and S1 0 ), Ala314 (S2), Leu224 (S1 0 ), Thr312 (S1 0 ), Leu81 (S2 0 ), Arg82 (S2 0 and S3 0 ), and Ile137 (S2 0 ) are unique in the human sequence (Table 2) . Among these nine residues, Leu81, Ile137, Leu224, and Ala314 are homologous substitutes for nonpolar amino acid residues. Therefore, Arg82, Ser84, Thr85, Ala229, and Thr312 of human renin were highlighted as candidate residues responsible for the biphasic pH dependence. In order to investigate the possible importance of these candidate residues, we produced five mutant human renins, R82H, S84G, T85S, A229T, and T312V, in which the five candidate residues were individually replaced with the corresponding residues of rat renin.
The thermostability of mutant human renins was the same as that of wild-type human renin (Fig. 2) . Molecular modeling showed that mutant renins have little change in tertiary structure as compared with wild-type human renin (data not shown). These results indicate that the overall structure of these mutant renins was not significantly changed by the mutation.
pH dependence of the reaction of mutant human renins with sheep angiotensinogen R82H, S84G, T85S, A229T, and T312V mutant human renins were incubated at various pHs with 0.3 mM sheep angiotensinogen. The pH profile of the reaction of S84G mutant renin showed one major peak at pH 7.0, similarly to rat and mouse Ren1 renins. That of the R82H, T85S, A229T, and T312V mutant human renin reaction showed two separate peaks similar to those of wild-type human renin, although the peaks of A229T were shifted 0.5 pH unit to the acidic side (Fig. 3) . These results indicate that Ser84 of human renin contributes to the biphasic pH dependence.
Molecular modeling showed that the substituted Thr229 of A229T mutant human renin is able to form a hydrogen bond with catalytic Asp226 (data not shown), as observed in other aspartic proteinases. 23) Hence it is speculated that Thr229 of A229T mutant human renin shifts the pK a of Asp226 to the acidic side through formation of a hydrogen bond. This speculation is supported by the observation of Mantafounis et al. that replacement of Thr218 (pepsin numbering) in chymosinB by Ala shifts the optimum pH from 3.8 to 4.2.
24)
The fact of no difference in the pH profile of the reaction of R82H and T312V mutant human renins from that of the reaction of wild-type human renin is consistent with the fact that the side chains of Arg82 and Thr312 point to the opposite side of the substrate binding pocket.
13) The hydroxyl group of Thr85 of human renin makes a hydrogen bond with P2 carbonyl oxygen. 13) Because T85S mutant human renin did not show a large change in pH dependence as compared with wild-type human renin, it is not thought that formation of the hydrogen bond is prevented by the mutation.
Possible role of Ser84 and Tyr83 in the pH dependence of human renin activity Dhanaraj et al. reported the tertiary structure of human renin complexed with an inhibitor, and suggested that the hydroxyl group of Ser84 of human renin is hydrogen-bonded to the imidazole nitrogen of His9 of angiotensinogen, although the inhibitor used in their study did not have His at the P2 position. 13) Green et al. also reported that the imidazole nitrogen of His9 of a peptide renin substrate interacts with the hydroxyl group of Ser84 of human renin. 11) Our tertiary structure model 13) Those of mouse Ren1 (P00796), rat (AAH78878), and human (AAR03502) renins were predicted from multiple sequence alignment of these renins with mouse Ren2 renin. Residues identical to those in mouse Ren2 renin are shown by dots. Numbering of residues starts from the N-terminal amino acid of each mature renin. The S4 to S1 0 subsite residues of human renin reported by Dhanaraj et al. 13) are shown below the broken line. of G84S mutant mouse Ren2 renin showed that the distance between the hydroxyl oxygen of the substituted Ser84 of mouse renin and the imidazole nitrogen of His9 of the substrate was 1.69-3.88 Å , supporting the possibility of hydrogen bonding between these two residues.
But the interaction between Ser84 of human renin and His9 of sheep angiotensinogen cannot explain why only the combination of human renin and sheep angiotensinogen shows two separate peaks in pH dependence, because His9 is conserved in all angiotensinogens. A comparison of the amino acid residues around the scissile site of sheep angiotensinogen with those of pig, rat, and human angiotensinogens, which showed one peak with a shoulder in pH dependence on human renin, revealed that His13 (P3 0 ) of sheep angiotensinogen is a candidate residue responsible for the biphasic pH dependence (Table 3) . Although the P3 0 residue in human angiotensinogen is also His, whereas it is Tyr in pig and rat angiotensinogens, the role of His13 of human angiotensinogen is probably different from that of His13 of sheep angiotensinogen due to the N-glycosylation of adjacent Asn14. 25) We have reported that Tyr83 of human renin also contributes to biphasic pH dependence and that it is essential to the catalytic reaction at basic pH. 10) Tyr83 constitutes the S3 0 subsite pocket. 13) Therefore, perhaps Tyr83 of human renin interacts with the imidazole nitrogen of His13 (P3 0 ) of sheep angiotensinogen. The hydroxyl group of Ser84 of human renin is also thought to form a hydrogen bond with the imidazole nitrogen of His9 of sheep angiotensinogen, as described above. The imidazole groups must be deprotonated for formation of hydrogen bonds with the hydroxyl groups of Ser and Tyr. Therfore, the hydrogen-bond network among Ser84 (S2)-His9 (P2) and Tyr83 (S3 0 )-His13 (P3 0 ) is formed at neutral and basic pHs, and the affinity of human renin for sheep angiotensinogen is enhanced at these pHs (Fig. 4) . This might be one reason why only the combination of human renin and sheep angiotensinogen shows two separate peaks in pH dependence. Recently Nabi et al. reported that the human renin reaction with H9Q and H13Q mutant sheep angiotensinogens, in which His9 and His13 were individually replaced with Gln residue, showed two peaks at pHs 6.5 and 8.5, although the altitudes of the peaks were different.
26) The hydrogen-bond network might be maintained in both combinations of human renin with H9Q and H13Q sheep angiotensinogens through the carbonyl oxygen (O"1) of the substituted Gln residue. In this case, the hydrogen bond between substituted Gln and Ser84 or Tyr83 is thought to be formed regardless of pH, but the other hydrogen bond, between intact His and Ser84 or Tyr83, is thought to be formed pH-dependently. Hence, pH-dependent formation of the hydrogen bond is perhaps important for biphasic pH dependence. Ser84 and Tyr83 of human renin, however, might have other roles as well as the formation of the hydrogen-bond network described here.
It is concluded from the present study that Ser84 of human renin contributes to the biphasic pH dependence of the human renin-sheep angiotensinogen reaction. Investigation of the possible contribution of the candidate residue, His13, of sheep angiotensinogen is a subject for a future study. Establishment of a cell line producing sufficient amounts of recombinant mutant angiotensinogen is in progress in our laboratory. These studies should provide helpful information for investigation of the exact mechanism of the renin-angiotensinogen reaction. The residues from Thr80 to Phe91 of human renin constitutes the N-flap, which covers the substrate in the catalytic cleft. The hydroxyl groups of Ser84 and Thr85 of human renin interact with the imidazole nitrogen and the carbonyl oxygen of His9 of sheep angiotensinogen respectively. The hydrogen bond between Ser84 and His9 contributes to the two separate peaks in pH dependence. The hydrogen bond between Tyr83 of human renin and His13 of sheep angiotensinogen perhaps enhances the specific affinity between human renin and sheep angiotensinogen.
